Interaction of ultrashort laser pulses with transparent materials is a powerful technique of modification of material properties for various technological applications. The physics behind laser-induced modification phenomenon is rich and still far from complete understanding. We present an overview of our models developed to describe processes induced by ultrashort laser pulses inside and on the surface of bulk glass. The most sophisticated model consists of two parts. The first part solves Maxwell's equations supplemented by the rate and hydrodynamics equations for free electrons. The model resolves spatiotemporal dynamics of free-electron population and yields the absorbed energy map. The latter serves as an initial condition for thermoelastoplastic simulations of material redistribution. The simulations performed for a wide range of irradiation conditions have allowed to clarify timescales at which modification occurs after single laser pulses. Simulations of spectrum of laser light scattered by laser-generated plasma revealed considerable blueshifting which increases with pulse energy. To gain insight into temperature evolution of a glass material under the surface irradiation conditions, we employ a model based on the rate equation describing free electron generation coupled with the energy equations for electrons and lattice. Swift heating of electron and lattice subsystems to extremely high temperatures at fs timescale has been found at laser fluences exceeding the threshold fluence by 2-3 times that can result in efficient bremsstrahlung emission from the irradiation spot. The mechanisms of glass ablation with ultrashort laser pulses are discussed by comparing with the experimental data. Finally, a model is outlined, developed for multi-pulse irradiation regimes, which enables gaining insight into the roles of defects and heat accumulation.
INTRODUCTION
Femtosecond (fs) laser processing of transparent materials is a fast-developing technique for direct writing of two-and three-dimensional optical structures such as waveguides, Bragg gratings, rewritable optical memories, etc. (see Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and references therein). The technique is based on laser-induced irreversible modification of the internal material structure (and hence the refractive index change) within the focal region of the laser beam. Fs laser writing process enables deposition of laser energy in a highly localized region whose dimensions can be comparable or even smaller than the laser wavelength. 16 To induce gentle modification of the refractive index without creation of cracks and/or voids, the *nadezhda.bulgakova@hilase.cz; phone +420-314007708; hilase.cz applied energy of the focused beam has to be small enough and its level is strongly dependent on a number of parameters such as pulse duration and numerical aperture, 11, 12, 17 and even such a subtle feature of laser beam as pulse front tilt. 18, 19 Laser energy deposition and final distribution of the absorbed energy are largely governed by nonlinear processes (selffocusing, multi-photon ionization, electron avalanche, etc.). These processes lead to rapid formation of a localized freeelectron population which absorbs and scatters laser light. This makes the spatiotemporal dynamics of light absorption in transparent materials complicated. To gain insight into this phenomenon, several models have been developed. One of the most popular models is based on the paraxial approximation for the laser field (the non-linear Schrödinger equation). [20] [21] [22] This model represents an important step in understanding the phenomenon of ultrafast-laser-induced modification of optical materials' properties. However, it gives only a qualitative picture of laser energy absorption. This is conditioned by the generation of a localized dense free-electron plasma, strong gradients of electron density, and light scattering to large angles. The complete set of Maxwell's equations supplemented by hydrodynamic-type equations for free electron plasma can enable a quantitative analysis at properly chosen model parameters, thus enabling prediction of laser light absorption in strongly non-linear regimes. 17, [24] [25] [26] [27] [28] Being supplemented by themoelastoplastic simulations, such model allows to follow material relocation in softened, highly stressed material region affected by laser radiation. 28 Choosing the model parameters for predicting both volumetric modification and surface ablation of materials is a complicated task due to the rich physics of the phenomenon of laser energy deposition into material and its relaxation at ultrashort laser irradiation. The most of the modeling parameters are derived from theoretical considerations of the nonlinear processes and experimental measurements of ablation thresholds, reflectivity, and light transmission through the sample, including pump-probe techniques.
2,29-31 Stuart et al. 2 identified the fluence thresholds for laser-induced damage (Fth) of fused silica glass at 800 nm wavelength in a wide range of pulse durations by microscopy inspection of the irradiated area. They have demonstrated that, in the range of pulse duration τL below app. 10 ps, the threshold is almost constant with some decrease toward shorter pulses while, with increasing τL above 10 ps, the threshold is increasing as ~τL 0.5 . Du et al. 32 measured the Fth value as a function of pulse duration by free electron plasma lightning upon laser excitation. They found that appearance of a luminous plasma could be a good mean to identify the damage threshold in fused silica at τL ≥ 10 ps whereas, at shorter laser pulses, the threshold for plasma lightning behaves as ~τL -1 . Thus, at τL ~ 100 fs, luminous plasma was only observed at fluences exceeding app. 5 times the damage threshold identified in Ref. [2] . As free electron plasma luminosity can be attributed to a high electron temperature and associated bremsstrahlung radiation, its absence at near and above ablation threshold can be considered as an indication of "cold ablation" when laser generated free electrons remain at relatively low energy while ablation proceeds through photo-induced scissoring of molecular bonds. Very clean ablation features observed by Lenzner et al. 33 at ultrashort laser pulses can be perceived to be supporting the "cold ablation" mechanism. It must be underlined that the majority of numerical simulations for fused silica irradiated by femtosecond laser pulses show a good agreement with experiments on laser-induced damage threshold. 34, 35 At the same time, modeling attempts of material heating for fluences well exceeding Fth values, which would involve the analysis of the dynamics of electron and lattice energies, are rare and demonstrate rather contradicting results. In a number of works, simulations yield extremely high electron temperatures with reaching TPa pressures that contradicts to the "cold ablation" concept. 36 Hence, the question on "cold ablation" remains open.
The majority of models refer to single pulse irradiation of materials, both in the bulk and on the surface while applications mostly utilize multi-pulsed irradiation regimes with irradiating the same material area or with scanning irradiated samples relative the laser beam so that the irradiation areas from consecutive laser pulses overlap. Hence, the models which take into account multi-pulsed irradiation features are of great demand. Such models must be accounting for heat and defect accumulation from pulse to pulse, depending on separation time between pulses and scanning velocity. Several modeling attempts are known to gain insight into heat accumulation at high-repetition-rates. [37] [38] [39] [40] For pump-probe irradiation regimes with short time separation between pulses, dramatic impact on laser energy absorption was shown for irradiation of fused silica, both experimentally 41 and numerically, 17 due to formation of self-trapped excitons. In this work, an attempt has been done to develop a simplified model which would take into account both heat and defect accumulation.
The paper is organized as follows. In Section 2, we present the combined model based on non-linear Maxwell's equations and the equations of thermoelastoplasticity. The model describes propagation of focused laser pulses in nonlinear transparent solids and evolution of materials density in the laser-affected zone after the laser pulse termination. Specific capabilities of the model are discussed, including simulations of spectra of light scattered by laser-generated plasma. In Section 3, laser ablation of glass materials is discussed. A revised model of laser-induced surface heating of dielectrics is presented with addressing the questions on the energy of free electrons upon irradiation, rate of material heating, and ablation mechanisms. The general model findings are discussed with involving experimental data of Willow glass ablation. In Section 4, a new semi-analytical model is proposed for multipulse irradiation regimes which accounts for defect and heat accumulation and can take into account scanning velocity of the sample relative to the laser beam.
OPTO-THERMOELASTOPLASTIC MODEL

Main features of the model
The details of the model are presented in Refs. [17, 27, 28] , demonstrating how the model was developed from solving Maxwell's equations 27 to accounting exciton self-trapping and re-excitation, 17 and adding the model of thermoelastoplasticity to follow laser-induced material relocation. 28 Here only its main features are touched which are important for understanding the processes accounted for in this model. Maxwell' equations for laser beam propagation through a non-linear medium can be written in the following form:
2 PI  , and c are respectively the electric field, electric displacement field, magnetic field, laser light frequency, electric current, and speed of light; WPI is the rate of photoionization determined below; Eg is the material bandgap which is dependent on the field strength. The linear part of the media polarization is modeled as a set of oscillators [27] 
Here e is the elementary charge; me is the electron mass; τtr is the characteristic time of electron trapping into excitonic states (τtr = 150 fs). 41 For simplicity, the collisional ionization rate in Eq. (5) is described via the Drude formalism. 28 The electron scattering time τc is also simplified to be taken equal to 1.27 fs accounting that the damping factor ωτc = 3. 22 Note that Eq. (6) governs acceleration of free electrons in the laser field and the loss of their momenta. Thus, it provides information on the average energy of free electron population. Hence, the Maxwell-based approach does not require assumptions on the rate of free electron absorption as this process is described via coupling of the free electron current (Eqs. (6)- (7)) with Maxwell's equation (1) .
The system of equations (1)- (7) is solved for fused silica irradiated by femtosecond laser pulses, using a finitedifference-overstepping numerical scheme. Here we report the examples of laser pulses of a Gaussian spatial and [17, 27, 28] . The computational region (glass sample) is taken thick enough to ensure that there is no noticeable laser energy absorption both on the front and rear sample surfaces. Upon simulations, the instanteneous snapshots of the free electron density and laser intensity are recorded to gain insight into developing the free electron plasma and its influence on the laser beam propagation. The laser energy absorbed by matter locally in each grid cell (Eabs) is integrated over time.
When laser beam leaves the computational region, the obtained spatial map of the absorbed energy can serve as initial conditions for applying the thermoelastoplastic model. 28 The lattice temperature T after electron -lattice relaxation can be estimated as T = T0 + Eabs/cpρ where T0 is the initial sample energy, cp is the material heat capacity (in the general case, dependent on the temperature), and ρ is the material density. In this Section the defect formation is not considered. It is assumed that the total energy from the electronic subsystem, including the bandgap energy Eg, is finally transmitted to the lattice heating. Although free electrons are first trapped to the self-trapped exciton (STE) states, the STE population decays at sub-nanosecond time after excitation 42 and only a small fraction on the STE (~10 -3 ) transforms into the defect states such as E'-centers. 43 After obtaining an instantaneous distribution of the temperature inside laserirradiated glass which yields also the distribution of stress in swiftly heated material volume, the 3D classical model of thermoelastoplasticity 44 is applied in order to elucidate the dynamics of elastic waves and final plastic deformations. The details of the model and modeling parameters for fused silica are described in Ref. [45] .
Laser energy absorption and material density evolution
In Figure 1 , the results of simulations are presented for the Gaussian laser beam of 45 fs duration focused into fused silica (pulse energy of 2 µJ, NA = 0.25, geometrical focus is at 120 µm from the sample surface). The peak absorbed energy ( Fig. 1(b) ) is ~1840 J/cm 3 that is smaller than that calculated for a longer beam of smaller energy (compare with the results obtained for a 1-µJ beam of 150 fs duration 28 ). This behavior corresponds to the overall tendency reported in Ref. [17] : the longer the pulse duration, the more effective local absorption can be reached. However, the peak absorbed energy, being converted to the temperature map, exceeds the annealing point of fused silica. This indicates that local modification of refractive index in softened material can be expected in this case. After obtaining an instantaneous distribution of the temperature and stress in swiftly heated material volume, the dynamics of elastic waves can be elucidated with addressing final plastic deformations. Figure 2 (left) demonstrates snapshots of glass density in the laser-excited region in the regime when locally the glass is heated above the melting temperature 28 (pulse energy is 2.5 µJ with duration of 80 fs; NA = 0.32). Stress-induced density redistribution can already be noticed at timescale ~15-20 ps. 28 At early times, the hottest zone created by light absorption on the axis of the laser-excited region rapidly expands (blue spot indicating decreased density). At these time moments, a compression wave is generated at the edges of the cone-like laser-heated structure due to strong temperature gradients whose values at these sites exceed 100 K/µm. Further dynamics of material motion is rather complicated (see Ref. [28] ). An intriguing dynamics of material density evolution continues up to times of order of several microseconds after which the final modification structure is stabilized (left bottom corner in Fig. 2 ). For predicting the deformation structure upon stresswave propagation in the material, we use the von Mises yield criterion. It is based on the assumption that plastic deformation of a material begins when the sum of squares of the principal components of the deviatoric stress reaches a certain critical value, namely the yield stress. 44, 45 Interesting is that, in spite of a long evolution of the material with complicated density relocation dynamics, the final deformation picture imprinted in glass is very similar to that developed at times of order of several dozens of picoseconds (compare the final structure with that at t = 32 ps). 28 However, our simulations of the stress evolution show that namely at this time scale the von Mises criterion is fulfilled while already at t ≥ 100 ps the stress levels are essentially relaxing. So, the further intricate evolution of glass density up to microsecond timescale which is observed in these simulations and also experimentally 46 is caused by elastic waves. The latter cannot cause any damage to the material matrix though the matter "breathes" acoustically up to microseconds that can be erroneously perceived as a far-reaching effect.
For the irradiation conditions shown in Fig. 2 , left, simulations predict a local melting in the near-focal region with the tensile stress in this region exceeding several dozens of MPa. 28 According to the scenario, proposed by Bellouard and Hongler, 47 bubble formation may be initiated via homogeneous nucleation of the vapor phase due to large degree of expansion. As a result, the molten material occurs deeply superheated into the metastable state where the rate of homogeneous nucleation of the vapor phase grows exponentially. 47 For fused silica glass, vapor phase is formed via the following reaction: SiO2(l) = SiO(g) + 0.5O2(g) with l and g referring to the liquid and gas phases. The scheme of bubbles coalescing into a single bubble is shown in Fig. 2 (right middle). Depending on the depth of superheating into the metastable region, single or multiple bubbles can be produced in the stretched liquid region of high temperature (1) . Even if the multiple bubbles are produced, they can evolve into a single bubble if their characteristic diffusion time for coalescence is smaller than material cooling time to the temperature below the melting point and/or they continue to grow. Due to strong temperature gradients in the laser-heated region, each bubble, even being very small, has different temperatures in its different walls and tends to migrate in the direction to a hotter zone driven by the difference in surface tension (2) . 48 Finally the bubbles coalesce into a single bubble (3). Note that the final density profile resembles the density structure which forms at several dozens of picoseconds. This regime corresponds to the conditions of experiments [22] when a void-like feature is observed at phase-contrast microscopy (shown on the right top side). Right middle: Illustration on how the bubble formation can develop in the laser-excited molten region inside glass (see text). Right bottom: (a) Integration of the final density change (shown on the left) along the laser beam propagation direction. The darker area corresponds to higher "positive" change of density and, hence, higher refractive index (see expression 49 ). Two compacted ring-like regions (2 and 4) are seen, one around the expanded core (1) and another at the boundary of modification region (4) behind which virgin glass is preserved (5) . In the region 3 the integral density change along the laser beam propagation direction is negative. (b) Modification structure in BK7 created by exposure with femtosecond near-IR laser pulses during 0.05 s at 1 MHz repetition rate (adopted from Ref. [50] ).
Proc. of SPIE Vol. 9735 97350N-5 The density evolution lasts in the simulations to microsecond timescale that is in line with recent observations. 46 This gives hopes that the model can also predict the geometry and the degree of final modification with reasonable precision. For direct comparison, note that, according to the Lorenz-Lorentz relation, the refractive index change Δn induced by material compaction/expansion is proportional to the density change Δρ (see expression in Fig. 2 with n0 and ρ0 to be the refractive index and the density of virgin material respectively). 49 Based on this relation, the final density change was integrated along the direction of laser beam propagation (right bottom (a)). Such modification structure is typical for fs laser exposure of glasses 50, 51 and its radius depends on pulse energy, repetition rate and exposure time. 51 For small number of pulses applied to fused silica, modification diameters are comparable to that obtained in modeling, of order of 10 µm. 51 
Angle-dependent spectrum of laser beam upon electron plasma formation and scattering inside glass
If a laser pulse rapidly ionizes a medium, the refractive index of the latter is dynamically decreases, resulting in increasing speed of light in the medium and, hence, in a frequency blueshift. 52, 53 The frequency shifts can be used as quantitative diagnostic means for plasma dynamics in ionizable media. [52] [53] [54] The blue shift δω can be estimated by integration of the wave number variation δk, which is induced due to the creation of free electron plasma, along the laser 
Here k0 is the wave number of the incident carrier wave, d is a size of field localization (ionization region), ωp is plasma frequency, and ncr is the critical plasma density. Expression (8) shows that the blue shift grows up with the increase of the electron plasma density and the size of the ionization region. As the electron density is swiftly changing, strong broadening of the beam spectrum has to be observed. In simulations, the spectrum of the electric field of the laser wave is calculated as
(α = r, φ, z) in the points which are shown in Fig. 3(a) . The irradiated parameters correspond to Fig. 1 . For these conditions, the radiation scattering in the directions perpendicular to the plasma and backward to the laser is rather small but can become considerable for larger beam intensities and longer laser pulses (to be published). As the intensity of scattered light in the point 1 is ~10 8 times smaller as compared to the point 4 (light transmitted through the plasma region), we do not show the spectrum for this point. The light intensity signals in the points 2 and 3 are also weaker, but not negligible, as compared to that at the point 4. The point 3 is placed at a distance from the axis which corresponds to the edge of the light beam after its passing the focal region. In the point 2, only the scattered radiation is detected that can be registered in experiments for the sake of diagnostics of laser-induced plasma. The blue shift and spectrum broadening increase from the point 4 to point 2. We underline that the spectra have significant differences for the different pulse energies and pulse durations. Further studies of the spectral broadening and blushifting aspects are under progress, including the possible influence of blue shift on the ionization dynamics.
SURFACE ABLATION OF FUSED SILICA: DIFFERENCES FROM VOLUMETRIC IONIZATION DYNAMICS
In this Section we address the irradiation conditions when the laser beam is focused on the sample surface with inducing the surface damage and ablation. Large body of work has been performed by the groups over the world, both experimental and theoretical, with addressing the complicated phenomenon of optical materials damage and glass drilling and cutting (Ref. [55] and references therein). However, still this complicated phenomenon is not completely understood due to large number of linear and nonlinear processes which are interfering in space and time. One of the most important questions is the energy and density of produced electron plasmas. For the cases of volumetric modification of transparent materials, the free electron plasma regulates its parameters: as soon as the laser beam tends to collapse, swiftly generated electron population displaces the laser light from the plasma region. 17, 22, 27, 28 This ensures, for relatively small and moderate focusing angles, the laser intensity clamping effect resulting in subcritical free electron densities with relatively low energies. By other words, the laser intensity is delocalized by free electron plasma generation, the effect that is not pronounced upon focusing on the sample surface.
The majority of numerical simulations for fused silica glass irradiated by femtosecond laser pulses are performed for the irradiation conditions nearby the ablation threshold Fth (the laser fluence value at which material ablation is initiated).
The most of them demonstrate a good agreement with experiments on the Fth values 34, 35 and predict the craters profiles based on a simplified ablation criterion. 56 For higher laser fluences, noticeably above Fth, the modeling attempts are mostly limited to the simulations of free electron density while of material heating dynamics is not usually analyzed. In a number of works, simulations yield extremely high electron temperatures with reaching TPa pressures that contradicts to the "cold ablation" concept. 36 As mentioned above, the question on "cold ablation" remains open. Here we address this contradicting question and show that the concept of "cold ablation" looks to be doubtful. We do not touch the regimes of few laser cycle pulses, when high electron current on the dielectric surface can be generated without inducing any observable damage of the material. 57 The irradiation conditions with femtosecond laser pulses which become popular for technological applications are considered below.
Revisiting the model of surface ablation of transparent dielectrics
In addressing the high-intensity irradiation of transparent materials with ultrashort laser pulses, we use the basic equations of the drift-diffusion approach which was developed to gain insight into laser-induced surface charging. 58, 59 As was shown, 59 the electron photoemission process does not affect noticeably heating of the material. Hence, to simplify the task similarly to Ref. [60] , photoemission and charge separation are disregarded, thus avoiding the necessity of considering the Poisson equation that overcomplicates simulations.
The simplified model, though allowing for simulations of the lattice heating process, consists of the rate equations for the free electrons and exciton states generation, calculation of the optical response of swiftly developing electron plasma, and the heat equations in the form of the two-temperature model (TTM). When considering TTM, we are aware that, at fs laser pulse timescales, thermal equilibrium within the electron subsystem can occur to be unachievable. 61 Hence, the electron temperature is treated as a measure of the average electron energy. The complete set of equations can be found in Refs. [58] [59] [60] . Here we underline only the differences and new features which have been introduced into this model.
The rate equation for the evolution of laser-generated charge carriers was rewritten into two equations describing evolutions of both free electrons and self-trapped excitons (STE) emerging from the free electron trapping process: 
Here nSTE is the STE density; τtr is the characteristic trapping time (taken to be 150 fs). 62 The exciton decay time τrec1 is taken to be 34 ps, disregarding a bi-exponential decay where the second decay time is much longer (τrec2 ≈ 338 ps). 42 Trapping of the conduction electrons occurs into the states located energetically in the bandgap and characterized by the absorption peak at 5.2 eV. 62 Hence, four-photon laser excitation of the STEs by the laser beam at 800 nm wavelength can be assumed. The photo-ionization rates for valance electrons and the electrons trapped in the STE states were written respectively in the forms 17 
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Here nat is the atomic density of the material; I and * I are the local laser intensity and the intensity at which the Keldysh parameter γ = 1 ( * I = 3.5×10 13 ). 62, 63 The avalanche ionization rate Wav is kept in the form as given in Refs. [22, 27] . We assume that the electron trapping can start at the last quarter of the laser pulse when the beam intensity drops. During the laser pulse when free electrons are oscillating in the high-intensity wave field, the trapping process considered improbable.
The avalanche term is taken in the form Wav = νcolne where the electron collision frequency νcol is evaluated as
with β = 1.5Te/Eg to be the normalized electron temperature; α0 = 1.5 fs
Consequently, the attenuation of the laser beam toward material depth is simulated as
The local absorption coefficient αab is determined from the Drude model, together with the reflection coefficient. [58] [59] [60] In the TTM, the laser energy term accounts for all the channels of laser energy absorption and redistribution between the electrons, lattice, and the STE states:
An additional energy balance equation is solved, accounting for the energy stored in the STE states:
For the electron-lattice coupling, we take into account that this time cannot be longer than the electron trapping time and, hence, lattice heating occurs on extremely short time scale in fused silica glass. The coupling factor was taken similarly to Ref. [35] as estimated as γel = γ0ne 2/3 . The system of equations (10)- (17) was solved together with the full TTM 58-60 and the Drude model for the laser beams of the Gaussian temporal shape of 130-fs duration.
Simulation results: What is the realistic electron energy?
The results of simulations for two laser fluences, 4 and 5 J/cm 2 , are presented in Fig. 4 . These fluences correspond to the average laser fluences 2 and 2.5 J/cm 2 . In this range of fluences, the damage threshold is usually identified for the fused silica glass. 2 The final lattice temperature remains well below the annealing point at 4 J/cm 2 while, at 5 J/cm 2 , it exceeds Time, fs the melting point of fused silica. Hence, the model describes the damage threshold with a good accuracy. Additionally, the electron density fits quite well the measured data. 30 While the lattice dynamics and the free electron population look to be reliable, extremely high electron energies generate some doubts. The simulated electron heating dynamics is strongly different from the volumetric focusing cases as mentioned above. Lower electron densities generated by the laser pulse at fluences near the damage threshold require higher electron energies in order the energy balance could bring to the lattice heating towards the damage. Furthermore, at higher fluences, though the free electron density increases above 10 20 cm -3 , the electron energy is also further increases. Thus at 8 J/cm 2 , the maximum electron density is already 1.3×10 21 cm -3 while the average electron energy approaches 100 eV that, however, agrees with the energy of photoelectrons observed at similar laser intensities. 64 As for the lattice temperature, it experiences extremely fast heating towards a hundred thousand Kelvins. If to assume that it is feasible, two mechanisms can be speculated to be responsible for ablation, the Coulomb explosion due to highly energetic electrons escaping from the material surface layer 58, 59, 64 and leaving behind a high positive charge and fast atomization/dissociation of covalently bonded glass matrix. Most probably, these mechanisms can coexist at high laser intensities. Figure 4 . (a) Temporal evolution of the electron density on the sample surface for two laser fluences. The simulation fluences correspond to the average laser fluences, 2 and 2.5 J/cm 2 , between which the laser-induced damage was measured in Ref. [2] . (b) The electron and lattice temperature dynamics for the same laser fluences as in (a). At 4 J/cm 2 , the lattice remains relatively cold, well below the annealing point. At 5 J/cm 2 , the lattice is heated above melting temperature. Hence, the model describes the damage threshold with a good accuracy.
It can be expected that extremely high energy of electrons will result in appearance of luminous plasma lightning as observed experimentally. 32 We have estimated the bremsstrahlung radiation by a classical expression 
Here the electron and ion densities (ni = ne in the case considered here) are measured in cm -3 and the electron temperature is in eV. At fluences near and slightly above the ablation threshold, the bremsstrahlung intensity is negligible, in agreement with experimental observation for femtosecond laser pulses. 32 Already at 8 J/cm 2 , the calculated bremsstrahlung emission grows by 5 orders of magnitude and continue to grow at higher fluences. Accounting for growing the high-temperature spot on the material surface irradiated by the laser beam of Gaussian profile, the integral bremsstrahlung emission is growing even faster with laser fluence than described by (18) . Finally, starting from a definite laser intensity, plasma emission becomes detectable. These studies are now under progress. In the next Section, the measurements of plasma emission are presented, linked with the profiles of the ablation craters.
Measurements of plasma emission and ablation craters
For the experimental study, we have chosen another glass material than in Ref. [2] , the samples of Corning Willow glass app. 0.1 mm thick. Prior to experiments, the samples were cleaned in an ultrasonic bath of acetone and isopropanol. Laser ablation of glass was performed using a Ti:Sapphire fs-laser (Coherent, Legend Elite fs-laser series) with wavelength of 800 nm. The maximum pulse energy was 4 mJ with pulse duration of ~130 fs. The laser beam was focused on the sample surface with a 10-cm focal length plano-convex lens. The laser energy on the irradiated surface was controlled using a combination of a half wave plate and a polarizing beam splitter. The beam waist diameter (1/e 2 ) at the focus was ~24.5 µm.
The main aim of these experiments was to measure the early-stage optical emission which was performed using a Czerny-Turner spectrometer with a focal length of 163 mm (Andor:Shamrock 163 with 1200 lines/mm grating). The emission intensity at the output of spectrometer was recorded as a function of wavelength with the help of a fast ICCD camera (Andor:iStar DH334T ICCD) with a minimum temporal resolution of 3 ns. The ICCD matrix was consisted of 1024×1024 pixels each with size of 13×13 µm. The time delay between the laser pulse and the observation gate was adjusted using a built-in delay generator of the ICCD. The ICCD was externally triggered by the TTL pulse from the laser system. To record the optical emission for a certain laser fluence, a maximum of 50 laser shots were applied on a translating target. The velocity of the translation stage was adjusted appropriately to exclude the overlap between individual irradiation spots. Single-shot ablation craters produced on the target surface at different laser fluences were studied by scanning confocal laser microscope (Olympus LEXT:OLS 3100). The detailed crater morphology was studied by atomic force microscopy operating in tapping mode (Bruker: Dimension Icon ambient AFM in peak force modulation (an upgrade of tapping mode) with a tip diameter ≤ 10 nm). All experiments have been performed in air under atmospheric conditions. Figure 5 (a) demonstrates the white light spectra which were collected from the irradiated target and can be attributed to bremsstrahlung radiation of free electrons generated in the sample. Although intentionally we have chosen a composite glass, very different by properties from fused silica, electron plasma emission features are similar to those found for fused silica glass. 32 The ablation threshold was determined at a fluence slightly below 2.7 J/cm 2 . Ablation starts steeply and already at 2.76 J/cm 2 a well-defined, 150-nm deep crater with diameter of 10 µm is observed ( Fig. 5(d) ). The crater is surrounded by a 80-nm high rim that indicates that this material is softer and with much lower melting point compared to fused silica where a rim is not observed under such irradiation conditions. 33 Similar to fused silica glass, 33 electron plasma luminosity from the sample is detected starting from ~13 J/cm 2 , well above the ablation threshold. The crater diameter and depth are increasing with fluence and at 13 J/cm 2 the crater is ~25-µm wide and 450-nm deep. Namely starting from fluences of ~13 J/cm 2 , a "secondary crater" appears inside the ablated volume with its "secondary" rim which is well seen at higher fluences (Fig. 5(b,c) ). One can speculate that most probably the secondary crater originates from superposition of two mechanisms, spallation of a surface layer in the crater periphery and phase explosion/atomization in the middle part of the crater which can develop on different time scales. 67 On the other hand, bright plasma emission can also point to a Coulomb explosion from a superhot middle part of the irradiated area that is confirmed by the photoemission measurements. 
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More detailed studies will be reported elsewhere (to be published). Here we add that even at higher fluences a three-rim crater is formed on the surface (Fig. 6 ) which, presumably, originates from several ablation mechanisms manifesting themselves at different time scales. 68 Interestingly, the crater is not strongly deepening while its diameter is considerably increasing with fluence. The fact that, the external rim is formed with the diameter exceeding more than 3 times beam diameter (1/e 2 ), can point to the effects associated with ambient gas ionization. 68, 69 The aspects of ambient plasma assisted ablation call for further studies. 
MULTIPULSE LASER PROCESSING MODEL: DEFECT ACCUMULATION
In this Section, we address the effects of heat and defect accumulation on multipulse laser processing of transparent materials that can influence the laser energy absorption both upon focusing inside the bulk and on the sample surface. Several modeling attempts exist which successfully predict the heat accumulation effects upon laser-induced modification of optical materials in multipulse irradiation regimes. [37] [38] [39] [40] 51, 70 Here, based on these developments and the geometrical model of laser light absorption upon focusing ultrashort laser pulses inside glass, 71 an attempt has been made to gain insight into consequences of the defects that are generated in materials from pulse to pulse. It can be expected that, for multipulse irradiation regimes, defect accumulation facilitates plasma formation dynamics with pushing the electron plasma density to a higher level with each subsequent pulse and, hence, leading to a higher local absorption. However, recently we have shown that, under the conditions of pump-probe experiments on fused silica excitation with ultrashort laser pulses, an exciton-mediated shielding effect is developing that results in a smaller fraction of laser beam that reaches the focal region. 17 At the same time, the laser-affected region is increasing, 17 similarly to the heat accumulation effects. 51, 70 Solution of Maxwell's equations that are used in Ref. [17] requires enormous computer resources to be realized for multipulse irradiation regimes. Hence, a simplified but robust model could be useful for estimating the possible consequences of the defects accumulation.
The case of fused silica glass is considered here whose main defect states are well known. In fused silica, self-trapped excitons (trapped electron-hole pairs on broken Si-O bonds) are the primarily defects 72, 73 with lifetime of ~400 ps at elevated temperatures. 74 App. 0.1% self-trapped excitons (STEs) are known to evolve into E'-centers which represent a silicon atom bonded to three oxygen atoms with one unpaired electron. 43 Other intrinsic defects in fused silica are NBOHCs (non-bridging oxygen hole centers, an oxygen atom bonded to one silicon atom with one unpaired electron) whose formation well correlates with radiation-induced densification. 75 Re-excitation of the laser-induced defects is an important route of free electron plasma generation at multipulse irradiation regimes as the energies of the defect states lie within the bandgap. 76 From pulse to pulse due to defect accumulation, the light absorption zone should extend from the focal region toward the front sample surface, thus enhancing attenuation of the beam in its way to the focus, though less effective as compared to pump-probe experiments with pico-and subpicosecond time separation between pulses. 17 Following to Ref. [71] and further simplifying the model, a sequence of temporally rectangular pulses is considered with the incident laser energy E0. The laser beam intensity in (x,y,z) coordinates can be roughly expressed as
Here z0 is the Rayleigh length, z is the distance from the focal plane, w0 is the beam waist, τL is the pulse duration, and v is the scanning velocity of the beam. For such pulses, disregarding collisional ionization, the free electron density generated by the end of the first laser pulse with the wavelength of 800 nm can be evaluated via 6-photon ionization rate (see Sections 2-3) as
ne (1) is dependent on the intensity I(x,y,z). Then, for the second laser pulse, taking into account that only app. 0.1% of free electrons are converted to E'-centers whose ionization rate ionizable through the 4-photon ionization process (Section 3), 62, 76 we can write: 
Repeating this procedure for N pulses, one can write:
where ne(N-1) can be expressed via the accumulation of the defect states generated locally by the previous pulses. The laser intensity attenuation in the sample with focusing and accounting for multiphoton ionization is calculated as 
This term is introduced as an energy source, applied periodically depending on the pulse repetition rate, into the 3D heat diffusion equation which is solved similarly to Ref. [51] . The first results are presented in Fig. 7 where the temporal evolutions of the maximum local temperature and the length of the structure (defined by reaching the annealing point) are shown. In these simulations, scanning velocity was taken to be 0. It is seen that at certain number of pulses the local temperature exceeds the glass melting point (~2000 K) which can lead to creation of bubbles in the molten material region as described in Section 2. However, with further irradiation the maximum temperature again drops to the values below the melting point, indicating that the irradiation regime can return to gentle modification of material. This observation can explain such an unusual effect as so-called phase transition, that is, a sudden change of modification in the laser track from melting or even bubble formation to gentle modification in the form of nanogratings, as observed in Ref. [77] . The drop of temperature from above to below melting point is detected in experiments only for a very small laser fluence range (to be published) that is in agreement with experiments. 77 Under direct laser writing conditions with scanning the laser beam focused inside the glass, thousands of pulses may be required for proper formation of a shield sufficient to screen the laser beam to the level below the melting threshold that depends on the laser beam energy, pulse repetition rate, focusing conditions, and scanning speed. The presented model can give useful information on qualitative trends of accumulation effects not only upon volumetric modification of materials but also for surface material processing. This study is now under the progress. Number of pulses Figure 7 . Maximum local temperature inside a fused silica sample, obtained by modeling of multipulse irradiation by a focused laser beam with accounting for the defect accumulation (red line). The length of the modification structure extending, from pulse to pulse, in the direction towards the irradiating laser (blue line).
CONCLUSIONS
In this paper, an overview of several models was presented which were developed to describe processes induced by ultrashort laser pulses inside and on the surface of bulk glass materials. The opto-thermoelastoplastic model allows for the detailed studies of spatiotemporal dynamics of the laser beam propagation through transparent optical materials and the evolution of the free electron plasma. Yielding the absorbed energy map, it further enables the thermoelastoplastic simulations of material redistribution. Material modification has been revealed to occur at very short time scales after the laser beam action, presumably at subnanosecond time when the laser-induced stresses exceed the deformation/failure strength. To gain insight into the temperature evolution of a glass material upon irradiation its surface by ultrashort laser pulses, we employ a model based on the rate equation describing free electron generation coupled with the energy equations for electrons and lattice. Swift material heating to very high temperatures at fs timescale has been found at laser fluences exceeding the threshold fluence by 2-3 times. This can result in efficient bremsstrahlung emission from the irradiation spot as observed in experiments. The mechanisms of glass ablation with ultrashort laser pulses are discussed by comparing with experimental data. Finally, a new model is outlined for multi-pulse irradiation regimes which enables gaining insight into the roles of defects and heat accumulation.
